We describe a technique, modified from Langford and Coggeshall [Anat. Rec., 197 (1980) 297-303; J. Comp. Neurol., 203 (1981) [745][746][747][748][749][750], for enhancing membrane contrast and defining cellular boundaries, that is useful for reconstructing individual cells from serial ultrathin sections. The cells of interest in our study were neuronal germinal cells and their differentiated progeny in the retinas of young goldfish. These cells were labeled by pulse injections of [3H]thymidine, and they were subsequently identified in EM autoradiographs by the presence of silver grains overlying their nuclei. In tissue prepared by traditional procedures (fixation in mixed aldehydes, postfixation in osmium tetroxide) it was difficult to follow the processes of these cells through the complex, dense network of cells in the differentiated retina. However, in tissue postfixed with a mixture of osmium tetroxide and potassium ferricyanide, the contrast of the cell membranes was improved and, in favorable preparations, a dense precipitate was formed in the extracellular spaces, serving to outline individual cells. This greatly faciliated the preparation of reconstructions from serial ultrathin sections.
Introduction
Reconstructing neurons or selected portions of neurons from serial ultrathin sections is always an arduous task, but it is sometimes the only method available to provide answers to specific questions about cellular morphology or synaptic connectivity of individual neurons ("microcircuitry"). The first reconstructions from serial ultrathin sections were accomplished by SjSstrand (1958) in his investigation of rod photoreceptor terminals in the guinea pig retina. Since then several investigators have worked to develop or improve upon techniques for serial reconstruction (SjSstrand, 1967; Levinthal and Ware, 1972; Hinds and Hinds, 1974 , 1983 Ware and LoPresti, 1975; Stevens et al., 1980) . Much of the recent effort has gone into the development of computer-assisted methods, pioneered by Levinthal and colleagues at Columbia University (Levinthal and Ware, 1972: Ware and LoPresti, 1975) .
We found that in electron micrographs of postembryonic goldfish retinal tissue fixed conventionally in mixed aldehydes and osmium, fine cellular processes could not be traced through the profuse network of neurons and gila because cellular boundaries lacked sufficient definition. The problem is more acute in differentiated neural tissue than in embryonic material, which has been used for most previous reconstructions (Hinds and Hinds, 1974 , 1983 Shoukimas and Hinds, 1978) . In the embryonic nervous system there are large extracellular spaces between cells (Stensaas and Stensaas, 1968: Hattori and Fujita, 1974; Seymour and Berry, 1975) , making it easier to recognize and to follow individual cells through several sections. In our study using postembryonic retinal tissue, we attempted to achieve a more optimum preservation of plasma membranes in order to improve the reliability of our reconstructions. We tried several modifications of the fixation protocol, including mixtures of osmium tetroxide-potassium ferrocyanide [OsO4-K4Fe(CN)6 ] or osmium tetroxide-potassium ferricyanide [OsO4-K3Fe(CN)6 ] or gluteraldehydetannic acid. A buffered mixture of 1% OsO 4 and 1.5% K3Fe(CNh, used as a postfixation treatment following aldehyde fixation gave the best results, and allowed us to generate reconstructions of (immature) retinal cells that were contained within differentiated neural tissue.
Methods

Tissue preparation
Goldfish, sometimes injected intraperitoneally hours or days previously with [3H]thymidine, were anesthetized in 0.02% methane tricaine sulfonate (Sigma), decapitated and the corneas punctured. The heads were placed in an ice-cold mixture of 3% gluteraldehyde (Tousimis), 3% paraformaldehyde, 0.1% picric acid, 1 mM CaCI 2, and 5% sucrose in either 0.1 M phosphate buffer, pH 7.4 or 0.1 M cacodylate buffer, pH 7.4 (modified from Langsford and Coggeshall, 1980) . After 1 h, the head was bisected (with small fish, about 1 cm or less in length and less than 60 days old) or the eyes were removed (with larger, older animals). The lens was removed from the enucleated eyes, and the tissues were placed in the same fixative at 4°C overnight. After rinsing 3 times for 10 min each in the same buffer with 5% sucrose at room temperature (RT), the eyes were trimmed into wedges; bisected heads from small fish were left intact. Blocks were then placed in one of the following solutions in the same buffer, but without sucrose:
(1) 1% OSO4/1.5% K3Fe(CN)6, 2 h or 4 h at RT.
(2) 1% OSO4/0.8% K3Fe(CN)6, 2 h at RT. With another series of fish, the bisected heads or eyes were fixed in 1% tannic acid and 3% gluteraldehyde (Mizuhira and Futaesuku, 1971) in 0.1 M cacodylate buffer, pH 7.4, overnight at 4 ° C. Following rinsing and further dissection as above, blocks were postfixed for 2 h at RT in one of the following solutions in the same buffer: (1) 1% OsOJ1.5% K3Fe(CN) 6 or (2) 1% OsO 4.
Blocks were rinsed and sometimes stained in uranyl acetate (Coggeshall and Langford, 1981) , then dehydrated in graded ethanols and embedded in Spurr (Polysciences).
Serial sectioning
The consistent retrieval of serial sections is crucial to the reconstruction process. It is therefore essential to cut ribbons of attached sections, and to aid in the formation of ribbons the leading and trailing surfaces of the block face were coated with Weldwood cement (Farenbach, 1984) . Short ribbons were picked up on slot grids coated with 0.5% formvar (Tousimis). We found that carbon coating, which is often used to stabilize formvar films under the electron beam, caused the film to become brittle, which increased the loss of sections during subsequent handling (Farenbach, 1984) . At intervals of every 25th section a short ribbon of 2-3 sections was reserved for autoradiography. Usually no more than 50 sections were cut before the microtome was stopped and sections were collected. The block was then retracted slightly and sectioning was resumed. All sections were cut on a ReichertJung Ultracut E ultramicrotome.
A utoradiography
Sections designated for autoradiography were processed with a flat substrate method (Salpeter and Bachmann, 1964; Davis et at., 1979) , modified as described previously (Raymond and Rivlin, 1987) .
Serial reconstruction
About 150-200 sections were needed to reconstruct an entire germinal cell in the retina. Cells with [3H]thymidine labeling over their nuclei were selected from autoradiographs near the middle of the serial set. Photographic negatives were prepared from every third to fifth section at a magnification of 3500-6000 x. Typically 6-8 overlapping micrographs were needed for each cell or cluster of cells on each section. Montages were prepared from prints at a final magnification of 8900 x to 15000 x.
The outer boundaries of selected cells and their nuclei were traced onto acetate sheets and successive transparencies were aligned according to the method described by Stevens et al. (1980) . For the subsequent stages in the reconstruction we used a simple, inexpensive computer graphics package called PLOTTER (J. Kilgore, P. Raymond, T. Connelly and F. Bookstein, copyright, 1984 , proprietary software of the University of Michigan). The cellular profiles were digitized with a Summagraphics tablet linked to a Tektronix 4054 or an IBM AT, and 3-dimensional reconstructions were generated by the PLOTTER program, using the University of Michigan mainframe computer (Amdahl 5860) or an IBM AT.
Results
Solutions of ferrocyanide and osmium contained a brownish precipitate whereas ferricyanide and osmium gave a clear amber-colored fluid. All combinations of osmium tetroxide with potassium ferrocyanide/ferricyanide yielded enhanced stain- Fig. 1 . Electron micrographs of comparable regions of retina from two larval goldfish. The two retinas were processed identically except that A was treated with 1% osmium tetroxide and B with 1% osmium tetroxide/1.5% potassium ferricyanide. PR, photoreceptors; ONL, outer nuclear layer; INL, inner nuclear layers; M. Miiller glial cells. The calibration bar is 10/Lm and applies to both A and B.
ing of the plasma membrane compared to osmium tetroxide used alone (Fig. 1) . Langford and Coggeshall (1980) reported that in mammalian neural tissue treated with osmium solutions containing potassium ferrocyanide (Karnovsky, 1971) preservation of cytoplasm was less than optimal and nuclei were extracted. We did not observe this in teleost retina. We selected 1% osmium tetroxide (OSO4)/1.5% potassium ferricyanide [K3Fe(CN)6 ] as our standard mixture, although other combinations seemed to work equally well. This is the same solution chosen by Langford and Coggeshall (1980) to optimally preserve myelin in central and peripheral nerves. We tried both 2 h and 4 h incubations, again with equally good results. Langford (1980, 1981) used cacodylate buffer, but we preferred phosphate buffer because it resulted in better preservation of photoreceptor outer segments, and extracellular spaces were filled with an electron dense product (Fig. 1) . Tissues fixed with tannic acid and glutaraldehyde were not improved for purposes of reconstruction over those fixed with a mixture of picric acid, glutaraldehyde and paraformaldehyde, as recommended by Langford and Coggeshall (1980) . The major disadvantage of the osmium-ferricyanide method was that the enhanced staining of membranes and the presence of extracellular precipitate was sometimes capricious. In many of the blocks we examined, certain regions were well infiltrated with the stain whereas others were not. This variable filling of extracellular space and uneven staining of membranes has been reported in many previous studies using osmium-ferricyanide/ferrocyanide (Forbes et al., 1977; Hepler, 1981 : Schnepf et al., 1982 . In our preparations, the problem was most apparent in the young eyes, fixed in situ within the head (but with the corneas punctured). The larger eyes, which were cut into smaller pieces before being placed in osmium-ferricyanide, were in general better stained. We suspect that the cause of the poor staining was failure of the solution to penetrate completely and evenly in the tissue block, as suggested by Hepler (1981) .
In addition to the enhanced definition of cell membranes and extracellular spaces, in retinas treated with ferricyanide the reconstruction of neural cells was made easier by the improved contrast between neuronal and Mtiller glial cell cytoplasm. Mtiller cells were more electron dense than surrounding neurons, and in some regions fine Mtiller cell processes were completely filled with a dense precipitate ( Fig. 2A) . Elsewhere, the Mtiller cytoplasm was dense but not opaque, and glycogen granules, typically found in abundance in Mtiller cells (Rasmussen, 1972) . were selectively stained (Fig. 2B) . De Bruijn and Den Breejen (1975) have previously described selective staining of glycogen by osmium-ferricyanide mixtures. We found that the contrast of glycogen was enhanced even in tissue treated en bloc with uranyl acetate, a procedure that is generally believed to extract much of the glycogen (Vye and Fischman, 1970) . Because retinal neurons and neuronal germinal cells do not usually contain glycogen (Peters et al., 1976; Hinds, 1974, 1978) , the distinction between glial and neuronal processes was readily apparent in this material.
Figs. 3 and 4 give some examples of germinal cells reconstructed from goldfish retinas treated with osmium-ferricyanide. The germinal cells are labeled with [3H]thymidine in EM autoradiographs (Figs. 3A, 4A ). Serial reconstructions of selected labeled cells (Figs. 3C, 3D , 4B-E) show a diverse morphology, but all cells have one (sometimes two) apically directed process. The shapes of these cells are relatively simple, compared with the differentiated retinal neurons reconstructed by Sterling and colleagues from mature cat retina (Stevens et al., 1980; Sterling, 1983; McGuire et al., 1984) . They more closely resemble the germinal cells and immature neurons shown by Hinds and Hinds in early embryonic mouse retina (1974. 1978) .
Discussion
Karnovsky (1971) first suggested the use of ferrocyanide-reduced osmium tetroxide to improve membrane contrast in tissues that were poorly preserved by aldehyde fixation. Various modifications of Karnovsky's original protocol (0.6% osmium tetroxide/0.4% potassium ferrocyanide) have been developed, using either ferrocyanide or ferricyanide ions. Some workers have reported the use of these preparations in cytochemical studies, to selectively stain various cellular organelles (glycogen; De Bruijn and Den Breejen, 1975 ; sarcotubular systems in muscle: Forbes et al., 1977 ; rough endoplasmic reticulum and nuclear envelope : Hepler, 1981; smooth endoplasmic reticulum: Walz, 1982) . As a cytochemical stain, osmium-ferrocyanide/ferricyanide is not ideal, however, as it has given variable and sometimes contradictory results with different cell types (Schnepf et al., 1982) . The presence of Ca 2+ appears to play some role in determining which membrane systems are selectively stained, since removal of Ca 2+ from the primary (aldehyde) fixation, or addition of PO4 z-(which precipitates Ca 2+) abolishes the selective staining of endoplasmic reticulum and nuclear envelope in plant cells (Hepler, 1981) and of sarcoplasmic reticulum in vertebrate muscle cells (Forbes et al., 1977) and of smooth endoplasmic reticulum in leech photoreceptor cells (Walz, 1982) .
The use of osmium-ferrocyanide as an extracellular tracer has been reported previously (Forbes et al., 1977; Aguas, 1982) . In muscle, freshly prepared solutions of osmium-ferrocyanide produce optimum filling of extraceUular spaces when phosphate buffer is used and Ca 2+ is omitted from the aldehyde fixation (Forbes et al., 1977) . (The opposite condition, presence of Ca 2+ and omission of PO42-produced selective staining of intracellular tubular membrane systems, Forbes et al., 1977.) Aguas (1982) found that solutions of osmium tetroxide-potassium ferrocyanide stored for 3 months or longer produced consistent tilling of extracellular space with electron-opaque deposits, but no staining of intracellular membrane compartments in rat liver cells. He suggested that the progressive reduction of osmium by ferrocyanide during the long period of storage yields large aggregates that are unable to penetrate cell membranes (Aguas, 1982) . For serial reconstructions, it is the presence of this opaque precipitate filling the spaces between cells that provides the key to its usefulness.
The mechanisms of staining by osmium-ferricyanide/ferrocyanide mixtures are not completely understood, but they are certainly complex. It is clear that both osmium and iron compounds must be present simultaneously to produce the enhanced contrast, which indicates that the intermediate compound(s) formed by the reactants is/are required (White et al., 1979) .
The use of osmium-ferricyanide to improve the ultrastructural appearance of neural tissues, specifically myelinated nerve fibers, has already been shown by Coggeshall (1980, 1981) . They did not describe enhanced staining of glycogen, although they did report that the cytoplasm of Schwann cells was more electron dense than in preparations fixed conventionally in OsO 4 alone (Langford and Coggeshall, 1981) . They also did not observe extracellular deposition of electron-opaque deposits, but this may have been due to their consistent use of Ca 2+ in combination with cacodylate buffer in the aldehyde fixative, a situation that is unfavorable for extracellular staining (Forbes et al., 1977) .
The usefulness of osmium-ferricyanide for serial reconstruction of neural cells is not limited to retinal tissue; a slightly modified procedure has produced excellent results with vestibular neurons in rats (M.D. Ross, personal communication). It may be that the procedure will require slight modifications, of reagent concentrations or incubation times, for optimum staining in different types of neuronal tissues. However, we believe that more widespread use of osmium-ferricyanide will make serial reconstructions easier and faster independent of the kinds of cells to be reconstructed or the methods of reconstruction to be used. Finally, another nice feature of the enhanced contrast provided by the osmium-ferricyanide treatment is that electron micrographs retain good contrast and resolution suitable for publication even at low magnifications ( Fig. 1 is at 3400 × ) .
